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ABBREVIATIONS
aa  amino acid(s) 
Ap ampicillin 
AS acetosyringone 
bp base pair(s) 
BSA bovine serum albumin  
C- terminal carboxyl terminal 
C cytidine 
Cb Carbenicillin 
cfu colony-forming unit(s) 
Cm chloramphenical 
DMSO dimethylsulfoxide 
DNA deoxyribonucleic acid 
dNTP deooxyribonucleoside
 triphosphate 
dsDNA double-stranded DNA 
DTT dithiothreitol 
EDTA Ethylenediaminetetra
 acetic acid 
EGFP Enhance green 
fluorescent protein 




g grams or gravitational 




hr hour  
kb kilobase(s) or 1000 bp 
kDa kilodalton(s) 
Km kanamycin  
LB Luria-Bertani medium 
M molar 
MCS multiple cloning site(s) 
MES 2-[N-morpholino]









mw molecular weight  





N- terminal amino terminal 
Oligo               oligodeoxyribo-   
                        nucleotide 
ORF               open reading frame 
PAGE            polyacrylamide gel   
                        electrophoresis 
PEG polyethyleneglycol  
phoA alkaline phosphatase  
                        gene 
R                     resistant/resistance 
RNA ribonucleic acid  
RNase ribonuclease 
rpm revolutions per minute 
S sensitive/sensitivity 
SDS sodium dodecyl sulfate 
sec second(s) 
ssDNA single-stranded DNA 
T thymidine 
1× TAE 40 mM Tris-acetate, 1 
mM EDTA 
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In nature, plant pathogen Agrobacterium tumefaciens causes tumor formation 
on various dicotyledonous and some monocotyledonous plant species. This bacterium 
can transfer a specific segment of DNA (T-DNA) from the tumour-inducing (Ti) 
plasmid within itself into plant cells and integrated the DNA into plant genome. 
Therefore, A. tumefaciens has been developed as an efficient transformation system 
for many different plant species. Recently, it has been demonstrated that A. 
tumefaciens can also transfer DNA into other organisms such as yeast, fungi and even 
human cells. This implies that Agrobacterium-mediated transformation system can be 
extended to organisms other than plants.  
On the other hand, transgenic fish have been developed as excellent 
experimental models for basic scientific investigation as well as biotechnological 
applications in the last twenty years. However, whether A. tumefaciens can be used to 
transform fish remained unknown. Here, I tried to apply this transformation system to 
a fish cell line EPC; I found that A. tumefaciens can deliver its T-DNA into fish cells. 
This was shown by different techniques including EGFP expression, RT-PCR and 
flow cytometry. I also observed that even some vir gene mutants, which cannot infect 
plant cells, could deliver DNA into fish cells. This suggests that Agrobacterium–
mediated DNA delivery into fish cells might occurr in a mechanism different from the 
Agrobacterium–mediated transformation of plants, yeast and fungi. This finding is 
very interesting, as it may lead to the development of a novel transformation system 




















1.1. Transgenic fish 
Animals or plants into which heterologous DNA (transgene) has been 
artificially introduced and integrated in their genomes are called transgenics. Since the 
early 1985s, a wide range of transgenic fish species have been produced (Chen and 
Powers, 1990; Hackett, 1993) by microinjecting or electroporating homologous or 
heterologous transgenes into newly fertilized or unfertilized eggs.  
 
1.1.1. Applications of transgenic fish in basic and applied research 
Transgenic fish can serve as excellent experimental models for a wide variety 
scientific investigations. These studies include: 1) identifying the regulatory elements 
of a gene; 2) examining the molecular genetics of early vertebrate development; 3) 
studying the functions of a gene product; 4) identifying the biological actions of 
hormones; 5) developing models for biomedical research; and 6) establishing models 
for environmental toxicant analysis. 
In higher vertebrates, growth is primarily modulated by the availability of 
growth hormone (GH) and insulin-like growth factors (IGFs) to their respective 
receptors. The secretion of GH form the pituitary gland and the binding of GH to its 
receptor, signals the production of IGF I mRNA and the corresponding polypeptide 
by the liver (endocrine production) and other tissues (autocrine/paracrine function). 
Studies on transgenic rainbow trout showed that the synthesis of IGF I and IGF II 
mRNA in the liver of rainbow trout is under the modulation of GH. And by 
electroporating rainbow trout IGF I cDNA into medaka embryos, more than 20% of 
the surviving embtyos integrated the transgene in their respective genomes and the P1 
transgenic individuals are significantly larger than their nontransgenic controls. 
Furthermore, P1 and F1 of transgenic medaka hatched, on average, 2 days earlier than 
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nontransgenic controls, demonstrating that IGF I may play an important role in 
embryonic development in addition to regulating postembryonic somatic growth. It is 
clear that IGF transgenic fish can serve as a model for studying the involvement of 
IGFs in 1) normal growth and development; 2) reproduction; and 3) other fields, like 
tumor developoment (Chen et al., 1996). 
Moreover, transgenic fish can serve as biomonitors in environmental 
toxicology. Since fish represent the largest and most diverse group of vertebrates, they 
provide an excellent model for assessing the impacts of environmental pollutants. In 
addition, their intimate association with aquatic pollutants makes them an excellent 
early warning system for environmental health problems that could potentially lead to 
human health concerns. The application of biomonitors in aquatic as well as 
mammalian toxicology has been widespread and the most commonly used biomonitor 
is the induction of CYP1A, the predominant hydrocarbon-inducible cytochrome P450 
(Kleinow et al., 1987; Payne et al., 1987; Jiminez and Stegeman, 1990). Essentially 
all organisms have conserved xenobiotic responsive genes that are inducible by a 
wide range of xenobiotic compounds. Cytochromes P450, a superfamily of 
monooxygenases, are one of the most important enzyme systems involved in the 
detoxification and activation of xenobiotics in eukaryotes (Gonzales et al., 1990). 
CYP1A, the major PAH-inducible P450 form in mammals and fish, catalyzes the 
monooxygenase reactions ethoxyresorufin O-deethylation (EROD) and 
arylhydrocarbon hydroxylation (AHH), both of which are strongly induced by PAHs, 
PCBs and dioxion (Stegeman and Lech, 1991; Stegeman and Hahn, 1994). Transgenic 
medaka carring the trout cytochrome P450 (CYP1A1) promoter fused to the structural 
gene of the jellyfish green fluorescent protein (GFP) (CYP1A1-GFP; Chalfie et al., 
1994) was produced and used to detect the presence of environmental xenobiotics in 
 14
aquatic ecosystems, and to determine the effect of experimental xenobics on 
reproduction at sublethal levels. The development of transgenic fish holds unique 
potential for use in toxicology studies and presents numerous advantages over 
presently utilized techniques. 
The initial drive for transgenic fish research came from attempts to increase 
production of economically important fish for human consumption. And newly 
developed technologies in molecular biology and transgenesis will be increasingly 
applied to the aquaculture industry. These technologies can enhance growth rates, 
control reproductive cycles, improve feed compositions, produce new vaccines, and 
develop disease resistant and hardier genetic stocks. Comparing to exogenous 
application of biosynthetic GH, new strains of fish producing elevated but levels of 
GH could bypass all of the problems associated with exogenous GH treatment, like 
high cost of producing purified biosynthetic GH, labor intensive of treating individual 
fish with the hormone, difficulty of identifying the optimal hormone dosage for each 
fish species, and inefficient of GH uptake into fish from an exogenous source. 
Moreover, the transgenic fish strains can product and deliver the hormone more 
effective than their ordinary counterparts and also can transmit their enhanced growth 
characteristics to their offspring. Many groups have demonstrated  the expression of 
foreign genes in transgenic fish and that a foreign GH gene could be transferred to the 
target fish species, integrated into the fish genome and genetically transmitted to the 
subsequent generations. Furthermore, the expression of the foreign GH gene may 
result in enhancement of growth rates of both P1 and F1 generations of transgenic fish 
(Zhang et al., 1990; Du et al., 1992; Lu et al., 1992). 
Besides the faster growth rates by manipulating the GH gene, other important 
traits of transgenic fish may also include increased tolerance to lower oxygen 
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concentration, increased resistance to bacterial, fungal, viral or parasitic infection, 
improved food conversion efficiency and increased tolerance to low or high 
temperature. Furthermore, transgenic fish technology may generate novel animals for 
producing pharmaceuticals of high economical value. (Chen et al., 1996) 
    
1.1.2. Methods used in transgenic fish 
Traditionally, the generation of transgenic fish has been achieved by 
microinjection of plasmid DNA into the cytoplasm of the fertilized eggs. In fish, the 
pronuclei are not readily seen under a microscope after fertilization. Although the 
microinjection method is useful, the efficiency of integration and germline 
transmission has been variable. Despite the injection of high (about 106) plasmid copy 
numbers, the frequency usually remains in the order of a few percents (Culp et al. 
1991). Recent studies have shown that a limiting step in fish transgenesis is the slow 
rate of transport of DNA from the cytoplasm to the nucleus while the embryo is 
rapidly dividing (Collas and Alestrom 1998). 
In order to enhance the efficiency of fish transgenesis, plamsmid DNA has 
been complexed by ionic interactions to synthetic nuclear localization signal (NLS) 
peptides (Collas et al. 1996) or co-injected with addition proteins, like I-SceI 
meganuclease (Violette et al. 2002). NLSs are short peptides that are part of the 
primary structure of most karyophilic proteins, and consist of one or two stretches of 
cytoplasm that have been shown to promote transient reporter gene expression and to 
enhance the frequency of transgene integration into the germline of founders, under 
the conditions where naked plasmid DNA is ineffective (Collas and Alestrom 1998, 
Collas et al. 1996). 
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However, microinjection of high concentrations of DNA or DNA-NLS 
complexes into fish eggs almost inevitably results in integration and inheritance of 
multiple copies of the transgene (Stuart et al. 1990; Collas and Alestrom 1998). 
Insertion of multiple transgene copies can increase the risk of lethal integrations and 
complex transgene expression and inheritance pattern. In addition, the transgenes 
resulted from DNA microinjection or electroporation are frequently present in tandem 
arrays and can have complex unpredictable structures (Stuart et al. 1988; Culp et al. 
1991). Pseudotyped retroviral vectors have been developed to generate transgenic 
zebrafish (Gaiano et al. 1996). But the host range limitation makes it difficult to use 
this approach widely for different fish species. Furthermore, retroviral vectors can 
only deliver limited sizes of transgenes. 
 
1.2. A. tumefaciens is an efficient genetic engineer 
A. tumefaciens is a natural genetic engineer that causes crown gall tumor 
disease on many plant species in nature. This bacterium can transfer DNA into plant 
cells and integrate the DNA into plant genome. Studies of Agrobacterium-plant 
interaction have led to the birth of plant genetic engineering and plant molecular 
biology. A. tumefaciens has been developed as an efficient genetic vector for 
generating various genetically engineered plants for many different plant species.  
 
1.2.1. Advantages of Agrobacterium–based genetic vector system 
 This vector system is widely used because of the following reasons.  
I. The transformation procedure is simple, efficient and reliable. 
II.  This system can deliver large DNA fragments (about 160 kb) into target 
genomes. This can facilitate introduction of gene clusters, which might 
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be needed for a specific phenotype, or transgenes of long regulatory 
sequences, which can enable the transgene expression pattern to be 
identical to the wild type.  
III. The gene delivery system often generates stable integration of single-
copy transgene into target chromosome with no chromosomal DNA 
rearrangement. This can help generate transgenic progeny with minimal 
unwanted genetic alteration. 
IV. Agrobacterium-mediated DNA integration process is random and occurs 
through illegitimate recombination. This can facilitate generation of 
random insertional mutants among the transgenic progeny. The genes 
“tagged” with the system can be readily cloned and analyzed because of 
the known sequence of the genes delivered by A. tumefaciens. 
In addition, inclusion of marker and reporter genes in the system can facilitate 
promoter probing and gene trapping (Gheysen et al. 1998). 
In short, Agrobacterium-mediated transformation system is a preferred method 
for plant transformation whenever it is possible.  
 
1.3. Overview of Agrobacterium–mediated transformation system in plant host  
In nature, soil-borne plant pathogen A. tumefaciens causes crown gall tumor 
formation on a large number of dicotyledonous as well as some monocotyledonous 
plant species and Gymnosperms (De Cleene and De Ley, 1976). The crown gall 
disease has been shown to be due to the transfer of a specific DNA fragment, the T-
DNA (transferred DNA), from a large tumour-inducing (Ti) plasmid within the 
bacterium (Zaenen et al., 1974) to the plant cell (summarized in Figure 1.1). After the 
transfer, the T-DNA becomes integrated into the plant nuclear genome (Chilton et al., 
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1977; Schell et al., 1979) and its subsequent expression leads to the crown gall 
phenotype. 
There are three bacterial genetic elements required for Agrobacterium –
mediated plant cell transformation. The first is the T-DNA between the border 
sequences that consist of 24- or 25-bp direct repeats (Van Haaren et al., 1988). 
Usually, all DNA sequences between the borders are transferred into the plant cells 
(Gheysen et al., 1998). The right border repeat of T-DNA is required for effective 
transformation of plant cells and functions in a unidirectional manner (Miranda et al., 
1992). The second element consists of the virulence (vir) genes encoded by the Ti 
plasmid in a region outside of the T-DNA (for a review, see Hooykaas and 
Beijersbergen, 1994). These vir genes are composed of eight major loci (virA, virB, 
virC, virD, virE, virG, virJ and virH).  The protein products of these genes, termed 
virulence (Vir) proteins, are involved in the processing of the T-DNA from the Ti 
plamsid and transfer it from the bacterium to the plant cell. Certain Vir proteins 
promote T-DNA targeting to the nucleus and are probably involved in the precise T-
DNA integration into the plant DNA (Gheysen et al., 1998). The third element 
necessary for successful T-DNA transfer consists of a number of chromosomal 
virulence (chv) genes, of which some are important for the attachment of the 
bacterium to the plant cell (Sheng and Citovsky, 1996).  
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Fig. 1.1.  Agrobacterium-plant cell interactions 
1. Binding of Agrobacterium to the host cell surface receptors; 2. Recognition of plant 
signal molecules by the bacterial VirA/VirG sensor-transducer system; 3. Activation 
of the bacterial vir genes; 4. Production of the transferable T-strand; 5. Formation of 
the T-complex and its transport into the host plant cell; 6. Nuclear import of the T-
complex; 7. T-DNA intergration.  IM, bacterial inner membrane; NPC, nuclear pore 
complex; OM, bacterial outer membrane; PP, bacterial periplasm. 
 20
 1.4. Roles of the bacterial virulence genes in the infection process 
1.4.1.  Activation of the T-DNA transfer process 
Chemotaxis plays an important role in the recognition of susceptible (wounded) 
plants by A. tumefaciens (Hawes and Smith, 1989). There are 25 vir genes encoding 
the products that mediate the processing and transfer of T-DNA located in the vir 
region of Ti plasmid (Stachel and Nester, 1986).  These genes are strongly and 
coordinately induced during infection in response to three different classes of plant 
factors that are thought to be the key chemical features of a typical plant wound site.  
These factors are (1) phenolic compounds, such as acetosyringone (AS), (2) sugar 
such as glucose and glucuronic acid and (3) acidic pH of 5.0-5.8 (Stachel et al., 1986a; 
Rogowsky et al., 1987; Spencer and Towers, 1988; Ankenbauer and Nester, 1990; 
Cangelosi et al., 1990; Messens et al., 1990; Morris and Morris, 1990; Shimoda et al., 
1990). The induction of the A. tumefaciens vir genes in response to plant wound-
specific compounds is conducted by a bacterial recognition system, which detect the 
plant signal and transmit the information inside the bacterial cell (Winans, 1992; 
Gheysen et al., 1998). This process is mediated by a two-component regulatory 
system composed of the products of virA and virG (Stachel and Zambryski, 1986). 
VirA is an inner membrane protein, which is homologous to various trans-
membrane chemoreceptor protein kinases (Leroux et al., 1987), and directly senses 
the monosaccharides and phenolic compounds released from wounded plant cells 
(Lee et al., 1995; 1996).  The VirA protein may not necessarily bind directly to those 
vir gene inducers, as some chromosomally encoded proteins are required for 
enhancement of induction by phenol or sugars, especially chvE gene, which encodes a 
periplasmic sugar-binding protein (Cangelosi et al., 1990; Lee et al., 1992). 
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The signal perceived by the VirA protein would lead to autophosphorylation and 
is then transmitted to the product of the virG gene by phosphorylation of the aspartic 
acid 52 of the receiver domain of VirG (Jin et al., 1990a). VirG is a transcriptional 
activator (Pazour and Das, 1990), binding to a group of similar sequences, denoted vir 
boxes, present in the promoter region of all the vir operons (Jin et al., 1990b), 
eventually results in the activation of transcription (Steck et al., 1988; Jin et al., 1990c; 
Powell and Kado, 1990; Endoh et al., 1993; Han and Winans, 1994; Scheeren-Groot 
et al., 1994). 
The environmental factors, including the phosphate concentration of the 
induction medium, the type of sugar, pH and temperature, may affect vir gene 
induction, which can further affect the tumorigenicity of A. tumefaciens. Generally, a 
pH less than 6.0 and a temperature less than 30°C can result in a high level of vir gene 
expression. However, alkaline pH was shown to be more effective than acidic pH on 
the induction of virB, virD, virE, and virG at the present of multiple copies of 
octopine- and agropine-type virG genes in rich medium while a nopaline –type virG 
gene did not have such effect (Liu et al., 1992).    
Another important environmental factor is the induction temperature. At 
temperature above 32°C, virulence gene expression is specifically inhibited. It 
suggests that the VirA protein was responsible for the thermosensitivity of vir gene 
expression and there were one or more steps in the signal transduction of VirA and 
the subsequent transfer of phosphate to VirG, which are sensitive to the temperature 
above 32°C (Jin et al., 1993).  
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1.4.2 Production of the T-complex 
The T-complex is defined as the complex of one molecule of single stranded 
T-DNA, a molecule of VirD2 and a large number of VirE2 molecules.  After vir gene 
induction, usually one single-stranded copy of the T-DNA (the T-strand) is produced 
per A. tumefaciens cell (Stachel et al., 1986b). VirD1 and VirD2 are essential for this 
process (Jayaswal et al., 1987; Filichkin and Gelvin, 1993). VirD2, together with 
VirD1, recognizes the T-DNA border sequence and cleaves the bottom strand of the 
T-DNA in each border repeat between the third and the fourth base (Yanofsky et al., 
1986; Wang et al., 1987; Pansegrau et al., 1993; Jasper et al., 1994; Scheiffele et al., 
1995). These nicks determine the initiation and termination sites for T-strand 
formation (Gheysen et al., 1998). After nicking, the VirD2 protein remains covalently 
bound to the 5’ end of the T-strand (Herrera-Estrella et al., 1988; Ward and Barnes, 
1988; Young and Nester, 1988) and protects it from 5’ to 3’ exonucleolytic 
degradation (Dürrenberger et al., 1989). Furthermore, the single-stranded DNA-
binding protein VirE covers the whole length of the T-strand to prevent the single-
stranded T-DNA from being digested by the enzymes present in A. tumefaciens and 
plant cells (Gietl et al., 1987; Christie et al., 1988; Citovskey et al., 1989; Rossi et al., 
1996; Dombek and Ream, 1997). Later, VirD2 pilots the T-DNA complex into the 
plant nucleus, where T- DNA is integrated into the plant DNA (Vogel and Das, 1992).  
 
1.4.3. T-DNA transfer 
The T-strand is transferred to plant cells in a conjugative way (Gheysen et al., 
1998) and the first step of transport is the passage through an apparatus termed T-
pilus which is produced in the presence of virB gene expression together with VirD4 
(Deng and Nester, 1998; Zupan et al., 1998). The virB operon encodes 11 proteins 
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from VirB1toVirB11, which form a membrane-associated export-apparatus  
(Thompson et al., 1988; Ward et al., 1988; 1990; Kuldau et al., 1990; Shirasu et al., 
1990).  Sequence analysis showed that most of VirB proteins contain hydrophobic 
regions and associate with cell membrane (Zupan et al., 1998). Localization studies 
have confirmed that several of the VirB proteins have been found to be localized to 
the inner or outer membrane in A. tumefaciens or to be exported from the cytoplasm 
(Winans et al., 1996; Thorstenson et al., 1993; Beijersberger et al., 1994). The VirB1 
protein, which contains motifs conserved among lysozymes and lytic 
transglycosylases, may be involved in preparing sites in the bacterial envelope for 
transporter assembly by localized lysis of the peptidoglycan layer (Mushegian et al., 
1996; Baron et al., 1997). The 7.2-kDa processed VirB2 is suggested to be the major 
subunit of the promiscuous conjugative pilus structure (Lai and Kado, 1998).  VirB5 
protein might also be a component of T-pilus because it is homologous to the TraC of 
IncF (Shirasu and Kado, 1993).  Recent genetic and immunoelectron microscope 
analyses showed that VirB6-VirB10 proteins are also the structural components of the 
transporter (reviewed in Kado, 2000).  Purified VirB4 and VirB11 were showed to 
possess ATPase activity, which might be used to promote the transport of the T-DNA 
complex and the T-pilin subunits through the VirB-specific transmembrane structure 
by supplying energy for a possible gated secretion channel (Christie et al., 1989; 
Shirasu et al., 1994; Dang and Christie, 1997; Rashkova et al., 1997; Dang et al., 
1999; Lai and Kado, 2000). The VirB3 protein may promote the formation of the 
virulence pilus because its homolog TraL is an accessory pilus protein encoded by the 
F-plasmid (Jones et al., 1994). It proposed that virB2 encodes a pilin like protein, 
which together with VirB3 and VirB9 as well as other VirB proteins, may be used for 
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inter-kingdom T- DNA transfer between bacteria and plants (Shirasu et al., 1993; 
Jones et al., 1996). 
VirD4 protein is also required for the formation of T-pilus. The VirD4 homologs 
possess a walker A motif necessary for function and are all integral inner membrane 
proteins. The octopine VirD4 protein shows a high degree of homology to its nopaline 
counterpart.  The VirD4 gene is mandatory for T-DNA transfer from the bacterium 
into the plant cell nucleus.  This has been demonstrated in VirD4 defective mutants 
that were completely inactive in T-DNA transfer.  Results of a previous study showed 
that VirD4 protein was localized in the inner bacterial membrane, and was proposed 
to be part of the complex transporting the T-DNA across the bacterial membrane 
(Shirasu and Kado, 1993). 
 
1.4.4. Role of other vir genes 
There are some other vir genes participating in the T-DNA transformation. 
The virF gene, a host range determination factor, is present in the vir region of Ti 
plasmids in octopine but not in nopaline (Melchers et al., 1990). The VirF protein, 
which could be directed into plant cells via the VirB/VirD4 transport system, may 
convert the non-host plant into a host for tumor formation by A. tumafaciens nopaline 
strains and octopine virF mutants (Vergunst et al., 2000). 
The virJ gene is located between virA and virB in the vir region of an 
octopine-type Ti plasmid (Kalogeraki, 1995; Pan et al., 1995), whereas its 
chromosomal homolog acvB gene could be found in both octopine and nopaline type 
strains.  The virJ gene is induced in a VirA-VirG dependent fashion like other vir 
gene in the presence of phenolic compounds acetosyringone (AS), however, acvB 
gene is inducible by low pH.   
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VirC1 and VirC2 are not required for T-DNA processing but are required for 
efficient T-DNA transfer into most host plants, suggesting that they play a role in T-
strand export (Zhu et al., 2000).  Furthermore, VirC1 can enhance T-DNA production 
from the octopine Ti plasmid when VirD1 and VirD2 are limiting (De Vos et al., 
1994). 
 
1.4.5. Nuclear Localization and Integration 
 VirD2 and VirE2 are showed to be involved in the nuclear localization of T-
complex.  While the N-terminal half of the VirD2 protein is sufficient for border 
repeat nicking and T-strand production, the C-terminal part is found to contain a 
bipartite nuclear localization signal (NLS) (Steck et al., 1990), which is important for 
tumor formation. Although the N-terminal part of VirD2 also contains a monopartite 
NLS that can target the fused ß-galactosidase to plant nuclei (Herrera-Estrella et al., 
1990), it is unlikely to participate in nuclear import of the T-strand (Shurvinton et al., 
1992; Koukolikova-Nicola et al., 1993).  Studies showed that VirD2 accumulate 
specifically in the plant cell nucleus and the deletions of NLS region in VirD2 
reduced the T-DNA expression and tumorigenesis of A. tumefaciens.  Besides NLS, a 
stretch of amino acids sequence called omega at the C-terminus of VirD2 that is 
located outside of the NLS and the endonuclease domain contributed significantly to 
the tumorigenesis (Shurvinton et al., 1992).  Deletion of this omega sequence reduced 
tumor induction to only 3% of the wild type. 
VirE2 protein also contains two separate bipartite NLS regions that might 
contribute to the nuclear import of T-complex (Citovsky et al., 1992; Citovsky, 1994).  
Further studies have showed that VirE2 was involved in nuclear localization. For 
instant, when microinjection, fluorescently labeled single-stranded DNA coated with 
 26
VirE2 was localized to the nucleus while naked single-stranded DNA remained in the 
cytoplasm (Zupan et al., 1996). Furthermore, the modified VirE2 whose NLS 
sequences were changed to resemble more closely to animal NLS could target DNA to 
animal cell nuclei, suggesting that the NLS in plant and animal cells might differ 
(Guralnick, 1996; Gelvin, 2000). 
Plant proteins also participate in the T-strand nuclear localization. Some plant-
encoded proteins, like Arabidopsis importin-α (α-karoypherin) that is a membrane of 
a multigene family,  have been identified to bind with the bipartite NLS region of 
VirD2 (Golemis et al., 1994;  Ballas and Citovsky, 1997). Other importin-α may 
assist in nuclear import by binding to the NLS regions of karyophilic proteins 
(Gorlich and Mattaj, 1996; Catimel et al., 2001). The Arabidopsis proteins, VIP1 and 
VIP2, were demonstrated to interact with VirE2 and it has been suggested that VIP1 
may also facilitate the transport of VirE2 into the nuclei of yeast and mammalian cells 
(Rhee et al., 2000; Tzfira et al., 2001).   
Although the mechanism of T-DNA integration into the plant genome is still 
unclear, it has been suggested that the T-DNA integrates into the plant genome by 
random illegitimate recombination (Mayerhofer et al., 1991).  Both the left and the 
right border of T-DNA were thought to participate in this process but the right part 
played a more essential role in the recognition of the target. This may be due to the 
protection of the covalent attachment of VirD2 protein, or a VirD2-supported ligation 
(Gheysen, 1998).  In vitro experiments have shown that VirD2 could catalyze the 
ligation of a T-DNA border "donor" sequence [containing VirD2 linked to the cleaved 
border (nucleotides 1-3)] with a cleaved T-DNA border "acceptor" sequence 
(nucleotides 4-25) (Pansegrau et al., 1993).  Analysis of virD2 mutant had shown that 
VirD2 was a multifunctional protein that participated in both T-DNA transfer and 
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intergration (Shurvinton et al., 1992; Tinland et al., 1995; Narasimhulu et al., 1996). 
On the other hand, VirE2 protein was shown to be required for efficient T-DNA 
transfer and for protection of the T-Strand, but not for efficient integration (Rossi et 
al., 1996). 
Some plant proteins may be involve in the T-DNA integration. Sonti et al 
(1995) proved that two mutants of Arabidopsis, uvh1 and rad5, were resistant to 
transformation to the stable phenotypes of crown gall tumor formation and kanamycin 
resistance but susceptible to transient transformation accessed by the expression of 
GUS activity directed by a gusA gene on the incoming T-strand. This suggested that 
these mutants were deficient specifically in the T-DNA integration process for the 
transient expression of GUS activity does not necessarily require T-DNA integration. 
However, further examination showed primarily that mutations in these genes affect 
only the transformation step prior to T-DNA integration (Jiang et al., 1997; Nam et al., 
1998).  Nevertheless, the roles of plant protein in T-DNA integration are still unclear. 
 
1.4.6. Roles of chromosomal virulence genes of A. tumefaciens 
Although Ti plasmid encoded virulence genes play important roles in A. 
tumefaciens transformations, the chv chromosomal virulence series of genes also 
influence virulence by conferring the ability of the bacterium to attach to the plant cell 
wall efficiently, by promoting the growth efficiency in wounded sites on the plant, 
and regulating the virulence genes on the Ti plasmid during the early stages of 
infection (Sheng and Citovsky, 1996; Zupan and Zambryski, 1997). For example, the 
products of chvA, chvB, att and pscA (exoC) are suggested to be associated with the 
synthesis and transportation of β-1,2- glucan during the attachment of A. tumefaciens 
to host plant cells. Another chromosomal encoded periplasmic sugar-binding protein, 
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ChvE, is involved in regulating the expression of the vir genes on the Ti plasmid. By 
interacting with the periplasmic domain of VirA to transfer the information of 
environmental stimuli, ChvE is associated with the virA-virG two component 
regulatory system to sense the inducer such as sugar present at low concentrations 
(Winans et al., 1994; Doty et al., 1996; Belanger et al., 1997). Most other 
chromosomal genes are also involved in virulence, like chvD, chvG, chvI,  ros, miaA 
and acvB, among which, acvB was shown to influence the formation of the pili while 
chvG and chvI are required for tumor formation and growing on complex media 
(Gray et al., 1992; Charles and Nester, 1993; D’souza-Ault et al., 1993; Wirawan et 
al., 1993; Parimal et al., 1999).  
Recently, two chromosomal genes, katA and aopB, were identified to participate 
in A. tumefaciens tumorigenesis. katA encodes a catalase that is involved in the 
detoxification of H2O2 released during Agrobacterium-plant interaction (Xu and Pan, 
2000), while aopB is homologous to a Rhizobium gene encoding an outer membrane 
protein.  The mutation of this gene attenuates the bacterial ability to form tumors on 
plants (Jia et al., 2002). 
 
1.5. T-DNA transfer from A. tumefaciens into other eukaryotic cells 
Although the natural hosts of A. tumefaciens are dicotyledonous as well as 
some monocotyledonous plant species and gymnosperms (De cleene and De Ley, 
1976), in recent studies, their hosts have been extended to other eukaryotic cells. 
Bundock et al (1995; 1999) showed that A. tumefaciens  can transfer its T-DNA into 
the yeasts Saccharomyces cerevsiae and Kluyveromyces lactis. The T-DNA transfer 
from A. tumefaciens to yeasts is very similar to that of plant; the inductions and 
expression of Ti plasmid-encoded vir genes are found to be essential for this process 
as well. However, the mechanism of transformation is not entirely conserved. The 
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integration of T-DNA in the S.cerevisiae genome was found to occur via homologous 
recombination, which contrasts with  the integration in the plant genome, where T-
DNA integrates preferentially via illegitimate recombination. This suggests that the 
process of T-DNA integration is predominantly determined by host factors. 
Furthermore, A. tumefaciens was also proved to be able to transfer its T-DNA to 
filamentous fungus Aspergillus awamori and the T-DNA integration was occurred in 
a manner similar to that described for plants (de Groot et al., 1998).   
Recently, it has been demonstrated that A. tumefaciens can also transfer T-
DNA into human cells (HeLa cells) and integrate it into their genome (Kunik et al 
2001). Although the mechanism of integration that occurs at the right border of T-
DNA is somewhat similar to that of plants cells, the Agrobacterium-mediated 
transformation of mammalian cells can be carried out at 37°C and with uninduced A. 
tumefaciens. These conditions were thought to inhibit the transformation of plant cells. 
So the precise mechanism may be slightly different and requires further studying.  
 
1.6. Basic Technology in this study 
1.6.1. Fluorescence Microscopy 
A fluorescence microscope is basically a conventional light microscope with 
added features and components that extend its capabilities.  
• A conventional microscope uses light to illuminate the sample and produce a 
magnified image of the sample.  
• A fluorescence microscope uses a much higher intensity light to illuminate 
the sample. This light excites fluorescence species in the sample, which then 
emit light of a longer wavelength. A fluorescent microscope also produces a 
magnified image of the sample, but the image is based on the second light 
 30
source -- the light emanating from the fluorescent species -- rather than from 
the light originally used to illuminate, and excite, the sample.  
Nearly all fluorescence microscopes use the objective lens to perform two functions:  
1. Focus the illumination (excitation) light on the sample. 
In order to excite fluorescent species in a sample, the optics of a fluorescent 
microscope must focus the illumination (excitation) light on the sample to a 
greater extent than is achieved using the simple condenser lens system found 
in the illumination light path of a conventional microscope.  
2. Collect the emitted fluorescence. 
This type of excitation-emission configuration, in which both the excitation 
and emission light travel through the objective, is called epifluorescence. The 
key to the optics in an epifluorescence microscope is the separation of the 
illumination (excitation) light from the fluorescence emission emanating from 
the sample. In order to obtain either an image of the emission without 
excessive background illumination, or a measurement of the fluorescence 
emission without background "noise", the optical elements used to separate 
these two light components must be very efficient.  
In a fluorescence microscope, a dichroic mirror is used to separate the excitation 



















• The excitation light reflects off the surface of the dichroic mirror into the 
objective.  
• The fluorescence emission passes through the dichroic to the eyepiece or 
detection system.  
The dichroic mirror's special reflective properties allow it to separate the two light 
paths. Each dichroic mirror has a set wavelength value -- called the transition 
wavelength value -which is the wavelength of 50% transmission. The mirror reflects 
wavelengths of light below the transition wavelength value and transmits wavelengths 
above this value. This property accounts for the name given to this mirror (dichroic, 
two color). Ideally, the wavelength of the dichroic mirror is chosen to be between the 
wavelengths used for excitation and emission.  
The dichroic mirror is a key element of the fluorescence microscope, but it is not 
able to perform all of the required optical functions on its own. Typically, about 90% 
of the light at wavelengths below the transition wavelength value are reflected and 
Figure 1.2. Dichroic mirror separates excitation and emission 
light paths. This diagram shows the dichroic mirror's position in 
an inverted fluorescence microscope: below the sample. In this 
type of microscope, the sample is illuminated and imaged from 
below the stage.  
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about 90% of the light at wavelengths above this value are transmitted by the dichroic 
mirror. When the excitation light illuminates the sample, a small amount of excitation 
light is reflected off the optical elements within the objective and some excitation 
light is scattered back into the objective by the sample. Some of this "excitation" light 
is transmitted through the dichroic mirror along with the longer wavelength light 
emitted by the sample. This "contaminating" light would otherwise reach the 
detection system if it were not for another wavelength selective element in the 
fluorescence microscope: an emission filter.  
Two filters are used along with the dichroic mirror:  
• Excitation filter -- In order to select the excitation wavelength, an excitation 
filter is placed in the excitation path just prior to the dichroic mirror.  
• Emission filter -- In order to more specifically select the emission wavelength 
of the light emitted from the sample and to remove traces of excitation light, 
an emission filter is placed beneath the dichroic mirror. In this position, the 
filter functions to both select the emission wavelength and to eliminate any 
trace of the wavelengths used for excitation.  
These filters are usually a special type of filter referred to as an interference filter, 
because of the way in which it blocks the out of band transmission. Interference filters 
exhibit an extremely low transmission outside of their characteristic bandpass. Thus, 




















The dichroic mirror is mounted on an optical block commonly referred to as a filter 
cube. The excitation and emission filters are usually affixed to the filter cube. This 
cube provides a convenient means to change the dichroic mirror without direct 
handling of either the mirror or filters. Figure 1.3 shows the light path through the 
filter cube in a fluorescent microscope. The narrow red line emanating from the 
objective to the filter cube represents the scattered and reflected emission light that 
must be removed by these optical elements. 
It is often the case that a specific combination of excitation filter, emission filter 
and dichroic mirror are needed to visualize and/or quantitate the fluorescence 
emission from a particular fluorescent species. In newer models of fluorescence 
microscopes, manufacturers have provided a means to change these optical elements 
in a convenient manner by arranging a set of four or more filter cubes in a circular (or 
Figure 1.3. Light path through the filter cube in a fluorescence 
microscope.  
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linear) turret under the objective. With a turret arrangement, a specific filter cube can 
be selected in a manner similar to that of selecting a specific objective. 
 
1.6.2. Flow Cytometry 
Flow cytometry is a method for quantitating components or structural features of 
cells primarily by optical means. It is the most practiced member of a family of 
technologies known variously as automated, analytical, or quantitative cytology. As 
the term implies, flow cytometry is the measurement (-metry) of cellular (cyto-) 
properties as they are moving in a fluid stream (flow), past a stationary set of 
detectors. The melding of such diverse areas of scientific endeavors and technical 
accomplishments as computer science, laser development, electronics, hydrodynamic 
focusing and ink-jet technology, optics and light detection, monoclonal antibodies, 
and DNA analysis has produced an instrument, the flow cytometer, which is capable 
of rapid, quantitative, multiparameter analysis of heterogeneous cell populations on a 
cell-by-cell basis (single cell analysis). 
Flow cytometers have been commercially available since the early 1970's, and 
their use has been increasing since then. In little more than a decade, flow cytometry 
has evolved from a highly specialized research tool to a commonplace clinical assay. 
Clearly the impetus for this change has been that flow cytometry is the only technique 
capable of quantitative measurements of multiple features of individual cells in a 
rapid manner. 
In the simplest terms, a flow cytometer operates by causing a fluid stream to 
pass single file through a beam of light, usually generated by a laser. The photons of 
light, which are scattered and emitted by the cells following their interaction with the 
laser beam, are separated into constituent wavelengths by a series of filters and 
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mirrors. This separated light falls upon individual detectors that generate electrical 
impulses, or analog signals, proportional to the amount of incident light striking the 
detectors. Each analog signal is converted to a digital signal, a number which is 
accumulated in a frequency distribution, or histogram. Therefore, the resultant 
number is proportional to the amount of light emitted from, or scattered by, the 
individual cell. Although it makes measurements on one cell at a time, it can process 
thousands of cells in a few seconds. Since different cell types can be distinquished by 
quantitating structural features, flow cytometry can be used to count cells of different 
types in a mixture. 
The term "FACS" is an acronym for Fluorescence-Activated Cell Sorter and is the 
registered trademark of Becton-Dickinson, who is the major vendor of flow 
cytometers. Its principle is showed on Fig 1.4. 
 36
Figure 1.4. Diagram of FACS machine. The sample mixture at the top of 
the figure is funneled through a nozzle which isolates cells and charges them. 
Cells have been fluorescently tagged with either red or green antibodies, 
though not every cell expresses the epitope and therefore some are not tagged 
either color. Cells pass from the top of the figure towards the bottom. At the 






• Sample Diluting System: in order to carry out FACS, the individual cells in a 
resting lymphocyte pool must be isolated. This is accomplished by suspending 
the cells in a fluid (i.e., saline). This suspension of cells is then forced through 
a fine, high-pressure nozzle or fluidic diluting system which distributes the 
cells into a single-file line or flow cell (Kidd and Nicholson 229). 
• Light Source: light is an integral part of the FACS technique. Light striking 
each cell is scattered. By using electronic devices that measure scattered light 
and fluorescence, different types of cells and their sizes can be identified. In 
older FACS devices, the preferred light source was a mercury arc lamp. The 
more recent development of lasers has made the mercury arc lamp somewhat 
obsolete. Laser light has several advantages: it has a low amount of divergence, 
a high degree of intensity, and it can be adjusted to provide a variety of very 
specific wavelengths of light (Kidd and Nicholson 229). 
• Data Collecting Devices: FACSs have two types of data collecting hardware: 
light scatter sensors and photomultiplier tubes (PMTs). The light scatter 
sensors measure the light that is scattered by each cell from two different 
angles. The forward angle light scatter sensor (FALS) gathers light scattered in 
the forward direction. This type of scattered light gives a clue as to a cell's size. 
Right angle, orthogonal, or side light scatter (SS) sensors gather light scattered 
at 90° from the original direction of the light source. This light reveals cell 
granularity, refractiveness, and the presence of intracellular structures that 
reflect light (Darzynkiewicz, et al. 335). Scatter sensors are useful in 
distinguishing cells based on the cells' different structures. Neutrohphiles, for 
example, display more SS than lymphocytes (Kidd and Nicholson 229). In 
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addition, different cell lineages or cells at different stages of development (i.e., 
pre B cells versus plasma B cells) can be distinguished based on their forward 
and side scatters (Kantor, Merrill, and Hillson 13.1). Finally, PMTs detect 
fluorescent emissions from the fluorescent dyes on antibodies bound to cells 
or from auto-fluorescence of the cells. 
• Integration Computer: this part of the FACS hardware is essential for 
collecting information from the data collecting devices and integrating it. The 
integrated information will be used in the formation of an electric field that 
will select out cells that meet certain scatter and fluorescent criteria. 
• Charged Plates: to collect selected cells, the cells are passed through an 
electric field generated by oppositely-charged plates. By changing the 
direction of the electric field between the plates, selected cells can be directed 




1.7. Objectives of this study 
 Although there is little doubt that A. tumefaciens can transfer T-DNA into 
eukaryotic cells other than its natural plant hosts, it would be of significance to 
determine if this transformation system can be applied to fish cells because traditional 
transformation techniques for fish cells cannot possess all the beneficial traits that the 
A. tumefaciens can offer. Therefore, successfully applying the Agrobacterium-
mediated technique to fish can lead to the development of a transformation protocol 
for some of the fish species that have not been successfully transformed and to the 
improvement of fish transgenic technology. 
 In this study, A. tumefaciens LBA4404 harboring a Ti plasmid that includes a 
reporter EGFP gene was used to infect fish Epithelioma papillosum of carp (EPC) 
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cells and green fluorescent fish cells were detected under fluorescent microscope. RT-
PCR and FACS analysis also confirmed the T-DNA delivered by A. tumefaciens into 
fish cells. These techniques were used to determine whether A. tumefaciens can 
tranfer T-DNA into fish cells and what are the characteristics associated with 
Agrobacterium-mediated delivery of T-DNA into fish cells. We hope that this can 















2. Materials and Methods 
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2.1. Bacterial strains, plasmids, primers, media and antibiotics 
Bacterial strains and plasmids used in this study are listed in Table 2.1.  The 
preparations of media used in this investigation for the growth of bacterial strains 
were formulated as listed in Table 2.2.  For long-term storage, the bacteria were kept 
in LB with 50% glycerol at –80°C.      
 Escherichia coli strains were grown at 37°C in LB (Sambrook et al., 1989) 
and A. tumefaciens strains were grown at 28°C in MG/L, AB or IB media (Cangelosi 
et al., 1991) supplemented with the appropriate antibiotics when necessary.   
The preparation and concentration of antibiotics and other solutions used in 
this study are listed in Table 2.3. 
 
2.2. Cell cultures and culture medium 
2.2.1. Minimal essential medium (MEM) 
MEM was used to culture fish cells such as Epithelioma papillosum of carp 
(Cyprinus carpio) (EPC) cells (Wolf and Mann, 1980). MEM containing 25 mM 
HEPES, 4 mM L-glutamine, 4.5g/l glucose, 10% (v/v) heat-inactivated fetal bovine 
serum, 100 units/ml penicillin and 100µg/ml streptomycin was used. All tissue culture 
reagents were obtained from Gibco (Gibco BRL).  
 
2.2.2. Cell culture 
EPC cells were grown in minimal essential medium (MEM) at 25 °C in a 5% 
(v/v) CO2 atmosphere. Cells were grown in 250 ml flasks and subcultured once a 
week by trypsin/EDTA treatment and dilution at about 1:10 in fresh media (Wang and 
Leung, 2000).  
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Table 2.1.  Bacterial strains and plasmids 
Bacterial strain  
or plasmid 
Relevant characteristic(s) Source or reference
 
Strains       
  
 
 Escherichia coli  
  
DH5α EndA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 








(Ach5 pTiAch5) Sm/Sp(R) in the virulence plasmid 
(from Tn904); all T-DNA of pTiAch5 eliminated in 
pAL4404 
Hoekema et al., 
1983 
Mx243 A136 containing pTiA6 virB1::Tn3-HoHo1 Stachel and Nester, 1986 




pNeoEGFP Expression vector, CMV promoter, neo-EGFP, f1 ori, 
AmpR 
Clontech 
pEGFP-1 Expression vector, EGFP, f1 ori  Km/NeoR Clontech 
pkrt8-EGFP pEGFP-1 harboring krt8 promoter Lab collection of 
prof. Gong, Z.Y., 
DBS, NUS 
pCB301 Broad-host-range plasmid derived from pBIN19, KmR Cheng et al., 1999 
pQM45 pCB301 harboring CMV promoter and NeoEGFP 
fusion protein gene between T-borders,  KmR 
Lab collection 
pQM46 pCB301 harboring CMV promoter and NeoEGFP 
fusion protein gene between T-borders in a different 
orientation from that of pQM45,  KmR 
Lab collection 
pLH52 Modification of pQM45 by removing the egfp gene This study 
pLH53 Modification of pQM46 by removing the egfp gene This study 
pLS-3 pCB301 harboring krt8 promoter and egfp gene 
between T-borders,  KmR 
This study 
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Table 2.2. Media preparation 
Media or solutions Preparationa, b Reference 
LB (Luria broth) Tryptone, 10 g; yeast extract, 5 g; NaCl, 10 
g; pH 7.5 
Sambrook et al., 
1989 
MG/L  LB, 500 ml; mannitol, 10 g; g sodium 
glutamate, 2.32; KH2PO4, 0.5 g; NaCl, 0.2 
g; MgSO4. 7H2O, 0.2 g; biotin, 2 µg; pH 
7.0. 




20 × AB salts, 50 ml; 20 × AB buffer, 50 
ml;  0.5% glucose 900 ml (autoclaved 
separately and mix before use). 




20 × AB salts, 50 ml; 20 × AB buffer, 1 ml; 
0.5 M MES (pH 5.5), 8 ml; 30% glucose, 
60 ml (autoclaved separately and mix 
before use). 
Cangelosi et al., 
1991 
20 × AB salts NH4Cl, 20 g; MgSO4. 7H2O, 6 g; KCl, 3 g; 
CaCl2, 0.2 g; Fe SO4. 7H2O, 50 mg. 
Cangelosi et al., 
1991 
20 × AB buffer K2HPO4, 60 g; NaH2PO4, 23 g; pH7.0. Cangelosi et al., 
1991 
0.5 M MES MES, 97.6 g; pH5.5. Cangelosi et al., 
1991 
1000 × ASc 14.6 mg/ml AS in DMSO. Sambrook et al., 
1989 
a Preparation for 1 liter, and sterilized by autoclaving;  b For solid media, 1.5% agar 
was added; c no autoclaving is necessary. 
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Table 2.3.  Antibiotics and other stock solutions used in this study 
     




in E. coli 
(µg/ml) 
Working Con. 







100 100 -- 
kanamycin 
(Km) 
Same as above 100 50 100 
Carbenicillin 
(Cb) 
Same as above 100 100 100 
Gentamycin 
(Gm) 
Same as above 50 10 50 
     
Acetosyringone 





100 mM -- 100 µm 
     
Cefotaxime Dissolved in 
dH2O, filter 
sterilized 
1 M 1 mM 1 mM 
     
Proteinase K Dissolved in 
dH2O 
20 50 50 
     
RNase Dissolved in 
dH2O 
10 20 20 
     
 
 
2.3. DNA manipulation 
2.3.1. Preparation of plasmid from E. coli 
This method is based on the protocol described previously (Sambrook et al., 
1989) with some modifications. 
E. coli cells were pelleted from 1.5-2.0 ml overnight LB culture by 
centrifugation at 10,000 rpm for 1 min.  The pellet was resuspended in 100 µl of cold 
solution I (25 mM Tris-HCl, 10 mM EDTA; 50 mM glucose; pH 8.0) by votexing. 
Then 200 µl of freshly prepared solution II (0.2 M NaOH; 1% SDS) was added and 
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mixed by inverting the tubes four to six times. After that, 150 µl of cold solution III (3 
M KOAc; 2 M HAc) and 150 µl chloroform: IAA (V: V= 24:1) were added to the 
mixture and mixed well by votexing.  The above mixture was centrifuged at 14,000 
rpm for 5 min, and the supernant was removed into a sterile centrifuge tube. After that, 
1 ml of cold absolute ethanol was added into the tube, and centrifuged at 14,000 rpm 
for 5 min after votexing.  After discarding the supernatant, the pellet was washed with 
cold 70% ethanol and centrifuged for 3 min at 14,000.  The pellet was dried in a 
vacuum concentrator for 5 min before it was dissolved in 50 µl of TE buffer (10mM 
Tris-HCl, 1 mM EDTA, pH 8.0) containing RNase (20 µg/ml) and stored at –20°C. 
 
2.3.2.  DNA digestion and agarose gel separation 
All the restriction enzymes used in this study were from either New England Bio 
Lab or MBI Ferments and DNA digestion was carried out according to the 
manufacturer’s suggestions and the manual book Molecular Cloning (Sambrook et al., 
1989). 
DNA fragment analysis was carried out by TAE-agarose gel electrophoresis, 
using 0.8%-1% agarose gel in TAE buffer (0.04M Tris-HCl, 0.001M EDTA, pH8.0). 
 
2.3.3.  DNA fragment isolation and ligation 
DNA fragments were recovered from agarose gel using the QIAquick Gene 
Extraction kit from QIAGEN.   
T4 DNA ligase used was from Ferments and the ligation reaction was carried 
out by incubating the mixture of T4 DNA ligase, vector DNA, insert DNA, ligase 
buffer and water at room temperature for 4 hour or 16 °C for overnight. 
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2.4. Transformation of E. coli by the traditional heat shock method 
2.4.1. Standard protocol for preparation of E. coli competent cells used for 
heat-shock transformation  
E. coli competent cells were prepared as described by Inoue et al. (1990) with 
some modifications.  Frozen stock E. coli cells were thawed, streaked on an LB agar 
plate, and cultured overnight at 37°C.  About one to two colonies were inoculated into 
2 ml of SOB medium in a culture tube and grown for 10 hours with vigorous shaking 
at 37°C.  Thereafter, 300 µl of culture was inoculated into 100 ml of SOB medium in 
a 1-liter flask and grown to an OD600 of 0.6 at room temperature (around 21°C) with 
vigorous shaking (225 × g). It will take 15-20 hr to reach an OD600 of 0.6.  The culture 
was then transferred to two 50 ml Falcon tubes and placed on ice for 10 min before 
being centrifugated at 4,000 rpm in an eppendorf centrifuge for 5 min at 4°C.  The 
pellet was resuspended in 20 ml of ice-cold TB buffer (10 mM Pipes, 55 mM MnCl2, 
15 mM CaCl2, 250 mM KCl, pH 6.7), incubated in an ice bath for 10 min and spun 
down as above.  The cell pellet was gently resuspended in 4 ml of TB and DMSO was 
added with gentle swirling to a final concentration of 7%.  The cell suspension was 
dispensed in 100 µl aliquots into 600 µl freezing centrifuge tubes and immediately 
chilled by immersion in liquid nitrogen.  The tubes of competent cells can be stored at 
–80°C for up to 1 year. 
 
2.4.2. Protocol for transformation of chemically induced E. coli competent 
cells 
A tube containing 100 µl of frozen DH5α E. coli competent cells for each 
ligation/ transformation was thawed thoroughly on ice.  The transforming DNA was 
added into the tube and mixed well with the competent cells by gentle tapping before 
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the mixture was incubated on ice for 30 min.  The cells were heat shocked for exactly 
90 sec in an 42 °C water bath. The tube was then removed from the water bath and 
incubated on ice for 2 min before 800 µl of room temperature LB medium was added 
to the tube. The cells were recovered at 37°C for 45 min with horizontally shaking at 
250 rpm in a rotary shaking incubator.  The transformation mixture was finally spread 
onto an LB agar plate containing the appropriate antibiotic selection for the plasmid.  
The plate was incubated overnight in an 37°C incubator. 
 
2.5. Transformation of A. tumefaciens by electroporation 
2.5.1. Preparation of electrocompetent A. tumefaciens cells 
A. tumefaciens cells were grown overnight on an MG/L (with proper antibiotics) 
plate at 28°C.  The appropriate amount of cells was scraped off the plate and 
resuspended in 1 ml of sterile dH2O in a 1.5 ml centrifuge tube.  The cells were spun 
down at 10,000 x g in an eppendorf centrifuge for 1 min at room temperature and 
washed twice in 1 ml of cold 15% glycerol.  The cells were collected by 
centrifugation as mentioned above.  The pellet was resuspended in 50 µl of cold 15% 
glycerol.  
The cells may be used immediately or frozen in liquid nitrogen and stored at 
-80°C. 
 
2.5.2. Transformation of electrocompetent A. tumefaciens cells with plasmid 
DNA by electroporation 
The electrocompetent cells were thawed on ice before 2-5 µl of plasmid DNA 
(or genomic DNA) was added and gently mixed with the cell suspension.  The 
mixture was incubated on ice for approximately 2 min and then transferred into a 
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chilled 0.2 cm Bio-Rad electroporation cuvette.  The Bio-Rad Gene Pulser apparatus 
was set to the 25 µF capacitor and the Pulse Controller Unit was set to 400 Ω before 
the cuvette was transferred to a chilled Bio-Rad Gene Pulser slide and applied with a 
single 2.5 kV electrical pulse (this should result in a field strength of 12.5 kV/cm with 
an exponential decay constant of approximately 9 sec), 800 µl of MG/L broth was 
added to the cuvette (immediately following the electrical pulse), and the cells were 
gently resuspended by pipetting.  The cell suspension was later transferred to a 1.5 ml 
centrifuge tube and incubated at 28°C with shaking for 45 min to 1 hour before it was 
spread out onto an appropriate selection medium and incubated at 28°C for 2-3 days. 
 
2.5.3. Small-scale plasmid isolations from A. tumefaciens 
This method is derived from the Plant Cell Electroporation & Electrofusion 
Protocol (Nickoloff, 1995). 
A. tumefaciens cells were grown overnight in MG/L (with proper antibiotics) 
medium at 28°C with agitation. About 0.5 ml of the bacterial culture was centrifuged 
for 5 min at 12,000 g and the resulting supernatant was discarded. The pellet was 
suspended in 100 µl of solution 1 (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCL, 
pH 8.0, 4 mg/mL lysozyme) and the mixture was incubated at room temperature for 
10 min. After that, 200 µl of solution 2 (1% SDS, 0.2N NaOH) was added to the 
mixture and mixed by inverting the tube four times before incubation at room 
temperature for 10 min. Next, 30 µl of solution 3 (1 ml of H2O-saturated phenol plus 
15 µl of 4N NaOH) was added to the mixture and mixed by gentle vortexing. Then, 
400 µl of solution 4 (3M sodium acetate, pH 4.8) was added immediately, mixed by 
inversion and followed by incubation at -20°C for 15 min. The mixture was then 
centrifuged for 5 min at 12,000 g and the resulting supernatant was transferred into a 
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fresh 1.5 ml tube. Thereafter, 400 µl of phenol-chloroform (1 vol of 100 mM Tris-
HCL, pH 8.0, saturated phenol plus 1 vol of choloroform:isoamylalcohol (24:1) ) was 
added into the tube and mixed by brief vortexing before the mixture was being 
centrifuged at 12,000 × g for 3 min, after which the aqueous (top) layer was 
transferred into a fresh 1.5 ml tube. Next, 800 µl of ice-cold 96% ethanol was added 
and mixed by inversion. DNA was precipitated by incubation at –70°C for 15 min and 
centrifugation at 12,000g for 10 min. After discarding the supernatant, the pellet was 
washed with 250 µl of 70% ethanol and dries briefly in a vacuum centrifuge and then 
dissolved in 25 µl of d H2O or TE buffer (10 mM Tris-HCL, 1mM EDTA, pH 8.0).  
Finally, 5 µl of the DNA solution was used to check for the presence of the 
plasmid in a 0.6% agarose gel while 10 µl was used for restriction analysis.  
 
2.6. RNA manipulations 
2.6.1. RNA isolation from fish cells 
Total RNA of fish cells was prepared using TRIZOL Reagent (GIBCO/Life 
Technologies, Grand Island, NY) according to the manufacturer’s instructions.  In 
briefly, cells from 75cm2 flask were washed once with 10 ml of PBS before 2 ml of 
TRIZOL Reagent were added to the fish cells. The homogenized samples were 
vortexed for 30 s and incubated at room temperature for 5 min.  Residual protein was 
removed after the steps of the addition of 400 µl of chloroform, mixing for 30 s, 
incubation at room temperature for 3 min, and centrifugation for 15 min at 12000×g 
and 4 °C. RNA was precipitated from the colorless aqueous phase derived from the 
previous steps in 1 ml of isopropanol by mixing for 15 s, incubation for 10 min at 
room temperature followed by centrifugation for 10 min at 12000×g and 4 °C. The 
resulting RNA pellet was washed with 1 ml of 75% ethanol and centrifuged for 5 min 
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at 7500×g and 4 °C. The RNA pellet was air dried, resuspended in DEPC-treated 
water and stored at -80 °C.  The extracted RNA was treated with DNase before the 
RT-PCR was conducted.   
2.6.2. RT-PCR 
Reverse transcription polymerase chain reaction was carried out using QIAGEN 
onestep RT-PCR kit (QIAGEN).  The RT-PCR reaction mixture (25 µl) used were 
outlined as below: 
 
5 × RT-PCR buffer 5 µl 
RNase-free water 11 µl 
Primer 1 (10 pmol/µl) 0.5 µl 
Primer 2 (10 pmol/µl) 0.5 µl 
dNTP Mix   1 µl 
RNase inhibitor 1 µl 
RNA template 5 µl 
QIAGEN Onestep RT-PCR Enzyme Mix 1 µl 
 
The RT-PCR was run using the following program: 
1 cycle 50 °C for 30 min 
1 cycle 95 °C for 15 min 
 94 °C for 1 min 
42 cycle 60 °C for 1 min 
 72 °C for 3 min 
1 cycle 72 °C for 10 min 
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2.7. General protocol for co-cultivation 
2.7.1. Preparation of bacteria 
A. tumefaciens cells from frozen glycerol stock were grown on MG/L solid 
medium with antibiotics for two days before transferring to MG/L or AB liquid 
medium supplemented with the appropriate antibiotics. After growing overnight at 
28°C with agitation, A. tumefaciens cells were harvested from liquid culture by 
centrifugation at 10,000 g and the pellet was washed with PBS. Then the cells were 
diluted to an OD600 of 0.2-0.3 for infection or induction. 
To induce the expression of A. tumefaciens vir genes, cells were resuspended to 
an OD600 of 0.2 to 0.3 in IB liquid medium in the presence of 100 µM acetosyringone 
(AS).  The cell culture was then incubated at 28 °C for 18-20 h with agitation.   
 
2.7.2. Preparation of fish cells 
Four days after the last subculture, fish cells were washed down by 
trypsine/EDTA and  resuspended in 5 ml of fresh MEM and then seeded at 5 × 105 
cells in 75 ml flask. The cells were then incubated at 25°C in a 5% (v/v) CO2 
atmosphere for 18-24 hr.  
 
2.7.3. Co-cultivation of fish cells with A. tumefaciens 
Fish cells were infected by adding 200 µl of induced or uninduced A. 
tumefaciens cells (about 4x107 bacteria) to each 75 ml flask and incubated at room 
temperature in the dark for 4 hr.  Then the flask was moved to a 25°C and 5% (v/v) 
CO2 incubator and allowed to incubate overnight.  After incubation, the fish cells were 
washed down by trypsin/EDTA and then washed with PBS for three times to remove 
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the non-specific binding bacterial cells before the cells were plated in a fresh 75 ml 
flask with 5 ml of fresh medium supplemented with 1 mM cefotaxime to kill bacterial 
cells.  These cells were used for transfection analysis later.  
 
2.8. Co-cultivation analysis 
2.8.1. Fluorescence microscope 
In vivo expression of Neo-EGFP fusion protein was easily detected by direct 
observation of cultures in a phase-contrast microscope equipped with a fluorescent 
lamp and blue filter. Two days after transfection, fish cells in the culture dish were 
observed using an Axiovert 25 CFL phase-contrast inverted microscope (Carl Zeiss) 
(at x200 and x1000 magnifications) with a blue filter of excitation wavelength 488 nm. 
Images were photographed with a camera attached to the microscope using Kodak 
color ISO 100 film. 
 
2.8.2. RT-PCR 
A one-step reverse transcription - polymerase chain reaction (RT-PCR) 
technique was used to detect the mRNA translated from the T-DNA transferred to the 
fish cells by A. tumefaciens. To analyze the infected cell cultures, 2 hours after 
infection, total RNA was extracted from the infected cells and the uninfected fish cells 
control using Trizol reagent (Gibco BRL) as described earlier. Together with the 
RNA template, the reaction mixture included both forward (5’-
CAGGTACCATGGTGAGCAAGGGCGAG-3’) and reverse (5’-
CCGGTACCCTTGTACAGCTCGTCC-3’) EGFP specific primers with a final 
concentration of 200 nm. A one-step reaction mix provided in the QIAGEN OneStep 
RT-PCR Kit was used for all amplifications. 
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2.8.3. Flow cytometry analysis of co-cultivated fish cells 
The efficiency of the transformation procedure was subsequently investigated 
by EGFP expression and FACS analysis. For the FACS analysis, fish cells that had 
been infected for 2 days were collected using trypsinization for 2-5 minutes before 
being washed twice with 1×PBS and resuspended in MEM media. Freshly isolated 
cells were filtered over a 60-µm cell strainer (Falcon, Becton-Dickinson) to remove 
any tissue debris that may be present. Uninfected fish cells and those infected by E. 
coli were used as negative controls. The emitted fluorescence of EGFP was measured 
using FACSVantageTM SE flow cytometer (Becton Dickinson) equipped with a 488 
nm argon-ion-laser (15 mW). The emitted fluorescence of EGFP was measured in log 
scale at 530 nm (fluorescein isothiocyanate band pass filter) and a total 20,000 cells 
were analyzed per sample. The data were analysed with WinMDI software, version 
2.7 (Joseph Trotter, La Jolla, Calif.).  
 
2.9. Selection of fish cells with stably integrated insert 
2.9.1. Neomycin resistance selection 
Initially, the concentration at which Geneticin G418 inhibits the growth of 
untransfected fish cells was determined. Therefore varying concentrations of G418- 
(50¯1000 µg/ml) were added to adherent fish cells seeded in 24-well tissue culture 
plates (50,000 cells/well). After 6 days of incubation at 25 °C, the number of viable 
cells was determined. At a dose of 400 µg/ml G418 of the cells were killed.  
Transfected fish cells were grown in the medium without antibiotics for two 
generation times. After two days, the growth medium was replaced by G418 
containing medium (400 µg/ml), for selection of transfected fish cells carrying the 
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Neomycin resistance marker. The medium was replaced every 4 days to get rid of cell 
debris.  
 
2.9.2. Selection by flow cytometry 
The fluorescence intensities of the cells were sorted in FACS Advantage 
(Becton-Dickison). One day after infection, fish cells were trypsin-treated, washed 
and recultured for another 2-3 days with fresh media in 75cm2 flasks. For sorting, fish 
cells were collected using trypsin-EDTA and filtered over a 60-µm cell strainer 
(Falcon, Becton-Dickinson) and then sorted in FACSVantageTM SE flow cytometer 
(Becton Dickinson) equipped with a 488 nm argon-ion-laser (15 mW). The emitted 
fluorescence of EGFP was measured in log scale at 530 nm. Fluorescent fish cells 
were collected into a 24-well plate with 5000 cells per well and cultured in MEM 
media without antibiotic enrich populations. To set the parameters for flow cytometric 
analyses, non-transfected EPC cells cultured for the same number of days as the 
transfected fish cells were used as the control. Sorted fish cells were cultured for 2 














3.1. T-DNA delivery from A. tumefaciens to fish cells 
3.1.1. Construction of a Ti-plasmid with Neo/EGFP reporter gene  
The transformation of A. tumefaciens to other organisms is carried out by the 
delivery of a T-DNA into the organism cell and the integration of this T-DNA into the 
genome (see Introduction). To detect whether A. tumefaciens can transform fish cells, 
the transfer of T-DNA from A. tumefaciens into fish cells must be studied firstly. 
Hence, a Ti-plasmid with reporter genes must be constructed to detect the T-DNA 
expression inside the fish cells. Also, stable selection of integrated cells will be 
carried out later by using a drug selection gene. 
 Here, enhanced green fluorescent protein (egfp) gene was selected as a 
reporter gene for its expression can be easy detected under a fluorescent microscope. 
Green fluorescent protein (GFP) is a novel genetic reporter system for expression of 
heterologous gene sequences. This reporter protein has the advantage of being 
detected directly from living tissues instead of fixed samples. When excited with 
specific wavelength light, GFP emits bright green fluorescence, which can be 
quantified by flow cytometry, confocal scanning laser microscopy and fluorometric 
assays. And it has been demonstrated that it is important in studying fusion proteins 
especially for protein localization and dual reporter assays. GFP has been fused either 
at N- or C- terminus of the protein of interest and the fluorescence properties of native 
GFP still remained (Flach et al., 1994; Wang and Hazelrigg, 1994; Marshall et al., 
1995; Stearns, 1995). Merkulov and Boeko (1998) used transposon to generate 
libraries of GFP fusions (in the middle of a protein ); this may be applied to map 
functional topology of a protein. There were a few fusions of GFP and other 
enzymatic reporters such as GRP/beta-galactosidase fusion (Shiga et al., 1996; 
Timmons et al., 1997), GFP/Luc fusion (Day et al., 1998), GFP/GUS and GUS/GFP 
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(Quaedvlieg et al., 19989). These dual reporter fusions combined the advantages of 
high sensitivity of the enzymatic assays and vital fluorescence of GFP. In 1998, 
Clontech produced pNeoEGFP harboring the fusion of NptII and GFP, which is 
useful for co-transfection. All these suggest that GFP has gained the prominence as a 
vital marker.  
Furthermore, to select stable transformation fish cells, a drug selection will be 
carried out later. Thus, the fusion of the neomycin resistance gene (neomycin 
phosphotransferase) with egfp gene was used here. The Neo protein expressed by the 
gene fusion can facilitate the selection of cells that contain stably integrated insert 
with neomycin (G418).  
We constructed the plasmid pQM45 and pQM46. These plasmids contain the 
Ti plasmid binary vector pCB301 (Xiang et al., 1999) and the gene fusion of the 
neomycin resistance gene (neomycin phosphotransferase) with enhanced green 
fluorescent protein (EGFP). The Neo/EGFP fusion protein, which is expressed under 
control of the strong immediate early promoter of human cytomegalovirus (CMV), 
can facilitate the detection of transformed fish cells based on green fluorescence 
protein expression as well as the selection of cells that contain stably integrated insert 
with neomycin (G418). This gene fusion and its promoter were removed from the 
pNeoEGFP (Clontech) and then inserted into the pCB301 between the RB and LB 
sequences which defined the transfer DNA (T-DNA). 
The plasmids were constructed according to the procedures showed in Fig 3.1. 
The vector pCB301 was digested by BamH I. The 3 kb CMV promoter and the Neo-
EGFP gene fragment was cut from plasmids pNeoEGFP by two Enzymes, Bgl II and 
BamH I, and then inserted into pCB301 at the BamH I site.  For the Bgl II and BamH I 
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are isocaudarner, the insertion occurred at two different orientations, giving rise to 













































Fig. 3.1. Construction and features of the gene transfer reporter system.  
pNeoEGFP contains a fusion of the neomycin resistance gene with the gene 
encoding EGFP.  This dual-function marker vector provides the convenience of 
drug selection and the ability to rapidly identify positive transfectants using EGFP 
as a fluorescent reporter.  The Neo/EGFP fusion protein is expressed under the 




3.1.2. Detection of T-DNA delivery into EPC cells by detecting EGFP 
expression 
In this study, the experiment of A. tumefaciens co-cultivated with fish cells 
was carried out based on the method used for Agrobacterium-mediated plant 
transformation with some modification. A. tumefaciens wild type strain LBA4404, 
which contains all the vir genes, was choiced as the experimental strain while two 
mutant strains, MX243 (virB- mutant) and MX306 (virD- mutant) were selected as 
negative controls. 
On the other hand, tissue culture cells, especially epithelial cells, have played 
a crucial role in investigating bacteria-host interaction because cultured cells are easy 
to work with, can be maintained under controlled conditions, and may be relevant to 
the diseases under study (Quinn et al., 1997). In this work, EPC and zebrafish cells 
were used as freshwater tissue culture model for transformation study. However, in 
the beginning of this study, EPC cells showed more efficient on EGFP expression. 
Then, it was used as the major cell line for later studies.  
In order to verify the success of the intracellular T-DNA transport after the A. 
tumefaciens and fish cells had been co-cultivated, the expression of the EGFP reporter 
gene carried by the T-DNA was measured under a fluorescence microscopy.  If the T-
DNA delivery is successful; in other words, that the T-DNA has been transported 
from the A. tumefaciens into the fish cell’s cytoplasm and then entered into the fish 
nucleus, a resultant green fluorescence will be observed.   
The green fluorescence is due to the expression of the EGFP reporter gene 
after transcription and translation. Since the EGFP gene contains an intron, any EGFP 
activity in A. tumefaciens would have been eliminated due to the lack of a eukaryotic 
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splicing apparatus in prokaryotes (Vancanneyt et al., 1990). Therefore, any observed 
EGFP activity can occur only after the T-DNA has entered into the fish nucleus and 
the gene it carried is expressed. 
According to Vancanneyt et al (1990), a significant activity of the transported 
gene was detected as early as 36 hours after A. tumefaciens was inoculated onto plant 
cells. Therefore, in this experiment, the expression of the Neo/EGFP fusion protein 
was measured two days after co-cultivation, and green fluorescent fish cells were 
detected under fluorescence microscope among the EPC cells co-cultivated with A. 
tumefaciens LBA4404 harboring pQM45 and pQM46 (Fig. 3.2). This showed that the 
T-DNA which contained the EGFP reporter gene should be transported into EPC cells 
and the green fluorescence was due to the transient or permanent expression of the 
EGFP gene.   
Interestingly, among the fish cells infected by a virB- mutant strain MX243, 
which was proved to be unable to deliver T-DNA into plant cells and used as a 
negative control, green fluorescence cells were also observed. This result was 
unexpected; this suggests that A. tumefaciens may infect fish cells through a way 
different from the way A. tumefaciens infect plants.  
As another negative control, E. coli was used to infect fish cells. The E. coli 
cells contained the plasmid containing the same T-DNA. None of the fish cells 
showed any green fluorescence like the normal fish cells without co-cultivation. This 
indicates that the green fluorescence detected among EPC cells in Fig. 3.2 was not the 
auto-fluorescence of the EPC cells and other bacteria, like E. coli, can not deliver the 
T-DNA into EPC cells.  
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Fig. 3.2.  Detection of T-DNA transfer into fish cells by detecting EGFP expression. 
Green fluorescence fish cells were seen under fluorescence microscope at two days after 






3.1.3. Detection of T-DNA transfer into fish cells by RT-PCR 
As showed in the section 3.2, some fish cells showed green fluorescence two 
days after co-cultivation with A. tumefaciens. The T-DNA which contained the 
reporter gene, Neo/EGFP gene, should have been delivered into these EPC cells. In 
order to track and monitor the intracellular transport of T-DNA, RT-PCR was 
performed to detect the presence or accumulation of the mRNA in the EPC cell 
cytoplasm. In this study, total RNA was isolated from the EPC cells 2 days after co-
cultivated with A. tumefaciens and RT-PCR was performed using sequence specific 
EGFP primers. 
As shown in Fig. 3.3, the expected PCR product of about 700 bp size was 
amplified from the RNA of EPC cells co-cultivated with LBA4404(pQM45) and 
LBA4404(pQM46). This means that T-DNA was already delivered into fish cell 
cytoplasm and started to express after 2 days of co-cultivation. This is the more direct 
evidence that A. tumefaciens delivered T-DNA into fish cell.  
Similarly to the result of fluorescent microscope, such a PCR product could 
also be amplified from the RNA of the fish cells co-cultivated with the virB- and virD- 
mutants. This further verified that A. tumefaciens deliverd the T-DNA into the EPC 
cells by a mechanism different from the Agrobacterium–mediated transformation of 
plants. 
Apart from this, no bands were seen for the other negative controls, including 
the EPC cells without co-cultivated and the EPC cells co-cultivated with E. coli, in 
which no T-DNA transfer had occurred in the first place.   
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Figure. 3.3. Detection of T-DNA transfer by RT-PCR.  A PCR product about 
700bp was detected from RNA of the EPC cells co-cultivated with wild type 
Agrobacterium [LBA4404(pQm45), LBA4404(pQM46)], virB- mutant 
[MX243(pQM45)] and virD- mutant [MX306(pQM45)]2 days after co-cultivation. 
Such a PCR product could not be amplified from the RNA of the EPC cells 











































3.1.4. Flow cytometry analysis of T-DNA delivery 
The delivery of T-DNA from A. tumefaciens to EPC cells has been observed 
in the above experiments. Subsequently, the quantitative aspect of the T-DNA 
delivery into fish cells by A. tumefaciens was analyzed by FACS. According to the 
preferred time of the most significant expression of the EGFP gene (Vancanneyt et al., 
1990), flow-cytometry was performed 2 days after co-cultivation. Although the 
transfer efficiency was quite low, a few of the fish cells exhibited bright green 
fluorescence when compared with normal fish cells (Fig. 3.4).  
In Fig. 3.4, all the EPC cells analyzed were represented as spots on the 
“dotplot” figure, while the PMT2 LOG represents the intensity of the green 
fluorescence and the forward scatter (FS) represents the sizes of the EPC cells. 
WinMDI (v2.8) software was used to analyze the data. In the dotplot figure of the 
uninfected EPC cells which should not contain any green fluorescence cells, a no spot 
in the lower-right (LR) area was gated; and this is used as a standard for all the 
samples. Any spot, which appear in this LR area, will represent strong green 
fluorescence (weak fluorescence may due to auto-fluorescence of fish cells) and the 
right cell sizes (lager sizes may represent the dead cells or aggregated cells). 
Therefore, these spots were counted as green fluorescent cells.  
In this experiment, among the EPC cells co-cultivated with A. tumefaciens 
(LBA4404 and MX243), there were some clear spots that exhibited high fluorescence 
in the LR area while among the E. coli infected fish cells, there was not any of such 



























Figure. 3.4. Flow cytometry analysis. Some of the EPC cells co-cultivated with 
Agrobacterium showed strong fluorescence in the lower-right (LR) area while 
cells co-cultivated with E. coli didn’t show such a fluorescence like the normal 
uninfected EPC cells. A: Uninfected EPC cells only. B: EPC cells co-cultivated 
with DH5α(pQM45). C: EPC cells co-cultivated with LBA4404(pQM45). D: EPC 




As seen in Table 3.1, about 20-30 EPC cells exhibited high EGFP 
fluorescence among a total of 20,000 cells co-cultivated with LBA4404 and MX243. 
This is different from the uninfected normal cells and E. coli infected cells, which 
exhibited no fluorescence. The frequency of T-DNA delivery by A. tumefaciens was 
about 1.6 x 10-3.  
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Table 3.1. Frequency of DNA transfer from Agrobacterium to fish cells 
1.1 x 10-3 ±0.221 (21,16,25)virB-MX243(pQM45)
1.1 x 10-3 ± 0.422 (29,13,24)Agrobacterium 
wild type 
LBA4404(pQM46)





Efficiency of T-DNA 
transfer based on 
transient gene 
expression
Total number of EGFP 




strain used for co-
cultivation 
a:  NC represents a negative control; 
b: The average of EGFP expression cells of 3 independent repeats. 
c: The numbers of the EGFP expression cells are the actual numbers of the fluorescent cells observed in 
the 3 independent repeats. 
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3.2. Selection of stable integration cell lines 
 The delivery of T-DNA from A. tumefaciens to EPC cells was observed in the 
above described experiments. However, it remained unknown whether the T-DNA 
after the transfer into fish cells can be integrated into the fish genome. Here, two 
kinds of selection were conducted to select for the stable integration of the EPC cells. 
 
3.2.1. Drug selection for stable EPC cells line 
3.2.1.1. Drug selection using Neo/EGFP fusion proteins 
 The co-cultivation experiments were initially carried out with the A. 
tumefaciens wild type strain LBA4404 contained the pQM45 or pQM46 plasmid, 
which contains the strong CMV promoter fused into the gene encoding the Neo/EGFP 
fusion protein.  
Following the co-cultivation, the EPC cells were grown in the medium without 
antibiotics for two generation times. After two days, the growth medium was replaced 
by G418 containing medium (400µg/ml) to select for the EPC1 cells with stable 
integration of the Neomycin resistance gene. Unfortunately, during the subsequent 
weeks, all of the infected EPC cells gradually died and none of the single cell resistant 
clone was obtained. 
 
3.2.1.2. Drug selection using modified Neo proteins alone 
The product of neomycin resistance gene from the Neo/EGFP fusion construct 
encodes a fusion protein containing the Neo and EGFP fused in frame. This fusion 
protein may not have the complete drug resistance function like the wild-type Neo 
protein or may be toxic to the fush cells. This might have been the possible cause of 
the failure in the stable selection by drug G418. We modified the Neo/EGFP fusion 
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protein to an independent Neo protein by removing the egfp gene and then used the 
newly constructed gene for the drug selection again.  
According to the procedures showed in Fig 3.5, the egfp gene was removed by 
digesting with BseR I and Sal I from pQM45 and pQM46 to form pLH52 and pLH53. 
These two constructs were used for drug selection of EPC cells for stably integrated 
insert.  
The co-cultivation was then carried out with these two constructs and followed 
by G418 drug selection as mentioned above. The same observation was seen, that is, 
the infected EPC cells could not survive for more than one week. 
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Figure. 3.5. Construction of pLH 52 and pLH53. The egfp gene was removed 




3.2.2. Stable selection by flow cytometry 
3.2.2.1. Selection using CMV promoter as the promoter of EGFP gene 
Since the selection of stable integrated EPC cells with the drug failed, an 
enriching method was used to select the transformed cells. Flow cytometry was used 
again to sort out the green fluorescent EPC cells, which were cultured in freshly 
prepared medium without the drug so that the transformed cells could propagate. If 
the T-DNA was integrated into the EPC cell genome, the offspring cells will show 
green fluorescence in a higher percentage than before the cell sorting. In other words, 
the transformed cells were enriched by the flow cytometry. 
The selection of stable integraion by flow cytometry was initially carried out 
with the pQM45 plasmids using the CMV promoter the drive the EGFP gene. At 3 
days after co-cultivation, the transfected fish cells were sorted by FACS, as this 
corresponded approximately to the time of three cell generations. At day 3, the 
fluorescent cells comprised approximately 0.04% of the total cell population (Fig 3.6). 
In Fig 3.6, there are some spots that could be seen in the LR area of panel B. These 
are the fluorescent EPC cells which were collected by flow cytometry.  About 106-7 
cells were sorted to enrich the density of the fluorescent cells and fluorescent fish 
cells were collected into one well of 24-wells plate. The sorted fluorescent cells were 
propagated in the absence of any drug selection for 2 weeks. During this period, the 
fluorescent intensity of the cells gradually decreased and the lysis of the most of the 
fluorescent cells were detected under fluorescent microscope.  Eventually the 
fluorescence of collected fish cells disappeared 2 weeks after the sorting.  
And the Table 3.2 shows the difference in fluorescence between 3 days after 
co-cultivation and 2 weeks after sorting. Comparing to the uninfected EPC cells, the 
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green fluorescent cells was about 4 x 10-4 of the infected EPC cells at 3 days after co-
cultivation; however, the infected EPC cells did not show any fluorescent cell like the 
uninfected cells 2 weeks after sorting. 
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2 weeks after sorting
A’ 
B’ 
Figure. 3.6. Stable selection by flow cytometry. After 3 days of co-cultivation 
with Agrobacterium, some fish cells showed strong fluorescence. These 
fluorescent cells were sorted to the fresh medium for subculturing for about 2 
weeks. Subsequently, all the population lost the fluorescence 2 week after sorting. 
A: fish cell only. B: fish cells co-cultivation with LBA4404(pQM45). 
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The percentage of fluorescence fish cells per 
20000 cells (%) 
 
3 days after co-
cultivation 
2 weeks after 
subculturing 
N C (no bacterium) 0 0 
Fish cells + 
LBA4404(pQM45) 0.4 0 
Table 3.2. Stable selection by flow cytometry 
Agrobacterium strain LBA4404(pQM45) was co-cultivated with the EPC 
cells. The EPC cells were sorted by flow cytometry 3 days after the co-
cultivation and subcultured. The EPC cells were analyzed by the flow 
cytometry again 2 weeks after the subculturing. These twice percentages 
of green fluorescent cells among the EPC cells co-cultivated with the 
Agrobacterium were compared with those of the uninfected EPC cells. 
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3.2.2.2. Construction of pLS-3 
To determine whether this gradual decline in fluorescence of transfected EPC 
cells resulted from the over-expression of EGFP by the strong CMV promoter and 
subsequently the toxicity of the protein, we used a fish skin specific promoter krt8 
from zebrafish to replace the CMV promoter. The krt8 promoter has previously been 
reported to promote a high-level transcription of gfp reporter gene in fish skin and 
digestive tract (Gong et al., 2002). 
Keratins are a major class of intermediate filament proteins and are mainly 
expressed in epithelial cells in higher eukaryotes (Gong et al., 2002). In fish, keratin 
polypeptides have been characterized from several species, including rainbow trout, 
common carp and zebrafish (Markl and Franke, 1988; Markl et al., 1989; Groff et al., 
1997; Conrad et al., 1998). The krt8 promoter region, approximately 2.2 kb 5  
upstream of its transcription initiation site, has been isolated by a linker-mediated 
polymerase chain reaction (PCR) method (Liao et al., 1997). And Gong et al (2002) 
indicate a high fidelity of gfp reporter gene expression under the zebrafish krt8 
promoter and provide a gfp transgenic model for studies on development of skin and 
digestive tract. 
The plasmid pLS-3 was constructed according to the procedure illustrated in 
Fig 3.7. The vector pCB301 was digested by EcoR I and Sac I and then purified by 
Qiagen Gel Extraction Kit. The krt8 promoter of about 2 kb and EGFP gene fragment 
was cut from plasmid pKrt8-EGFP by two enzymes, EcoR I and Stu I, and then 
inserted into pCB301 at the multiple cloning site. 
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Figure. 3.7. Construction of pLS-3. The krt8 promoter was a fish skin specific 
promoter and employed here to replace the original CMV promoter as a weaker 
promoter for the egfp gene. The krt8 promoter and the egfp gene fragment were 




The plasmid pLS-3 was introduced into A. tumefaciens strain LBA4404, 
which does not have the T-DNA. The efficiency of T-DNA delivery by 
LBA4404(pLS-3) was measured by the flow cytometry. The original 
LBA4404(pQM45) and LBA4404 were used as the controls here. As showed in 
Fig.3.8, the EPC cells co-cultivated with LBA4404(pLS-3) and LBA4404(pQM45) 
exhibited some high green fluorescence in the LR area. On the other hand, the EPC 
cells co-cultivated with LBA4404 did not exhibit such a kind of high fluorescence just 
like the uninfected EPC cells. This also indicated that the green fluorescence of the 
infected cells was due to the delivery of the T-DNA which contains the EGFP gene, 
and not the A. tumefaciens cells. However, the efficiency of T-DNA delivery by 
LBA4404(pLS-3) was somehow lower than LBA4404(pQM45)(table 3.3). In addition, 
the fluorescence intensity of the fish cells co-inoculated with LBA4404(pLS-3) was 
not so strong as those with LBA4404(pQM45)(Fig 3.8). This may due to the 







Figure. 3.8. Flow cytometry analysis of EPC cells containing the 
EGFP gene under the control of different promoters. A: uninfected 
EPC cell. B: EPC cells co-cultivated with LBA4404. C: EPC cells co-





cultivation Efficiency of T-DNA delivery 
NC (no bacterium) 0 
LBA4404 0 
LBA4404(pQM45) 4.0 x 10-4 
LBA4404(pLS-3) 2.5 x 10-4 
Table 3.3. Different efficiencies of T-DNA delivery by 
Agrobacterium cells containing the EGFP gene under 
the control of different promoters
Agrobacterium strain LBA4404 containing pQM45 (which harbors the T-DNA 
construct containing the EGFP gene under the control of the CMV promoter) 
or pLS-3 (which harbors the T-DNA construct containing the EGFP gene 
under the control of the krt8 promoter) was co-cultivated with the EPC cells. 
The EPC cells were analyzed by flow cytometry 3 days after the co-
cultivation. The efficiency of T-DNA delivery was representd by the frequency 
of green fluorescent cells counted by the flow cytometer. 
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Selection for stable integration of T-DNA delivered by LBA4404(pLS-3) into 
EPC cells was carried out as mentioned above. After the co-cultivation, the fish cells 
underwent sorting by FACS at 3 days. The sorted fluorescent cells were subsequently 
propagated in the absence of any drug selection. During the culturing period of 2 
weeks, there were approximately 14 cell generations. We again observed that the 
sorted fluorescent cells gave rise to progeny cells of lower or no fluorescence that 
constituted the majority of the progeny cell population; the whole population of 




























    
A. tumefaciens has been utilized to transform many kinds of eukaryotic cells, 
like yeasts, fungi and even human cells, in addition to its natural plant hosts (see 
Introduction). However, whether A. tumefaciens can deliver DNA into fish cells 
remains unknown. Here, we address this question firstly by applying the A. 
tumefaciens transformation system to EPC cells; we found that A. tumefaciens can 
deliver its T-DNA into fish cells in a new pathway distinct from the mechanism of 
Agrobacterium-mediated plant transformation. This may mark the beginning of 
developing a new technique for generating transgenic fish.  
 
4.1. A. tumefaciens can deliver T-DNA into fish cells 
 In order to determine whether A. tumefaciens can deliver the T-DNA into fish 
cells, we constructed the two plasmids, pQM45 and pQM46, which harbored the 
reporter EGFP gene in the T-DNA. This EGFP gene was expressed under the control 
of the CMV promoter, which has been shown to be active in fish cells (Bearzotti et al., 
1992). Fluorescence microscope analysis showed that two days after co-cultivation of 
A. tumefaciens with fish cells, some of the fish cells showed high green fluorescence. 
The presence of a chimeric intron (IVS) upstream of the EGFP gene suggested that 
the EGFP could only be expressed in eukaryotes, in this case, the fish cells, not in the 
A. tumefaciens cells. Thus, the presence of green fluorescent fish cells after co-
cultivation with A. tumefaciens indicated that the T-DNA containing EGFP gene was 
successfully transferred into the fish cells.  
In addition, RT-PCR analysis also detected the mRNA of the EGFP gene 
insides the fish cells co-cultivated with A. tumefaciens. However, in the fish cells co-
cultivated with E. coli harboring the EGFP gene, the mRNA of EGFP gene cannot be 
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detected. This also indicated that the gene delivery observed in this study is A. 
tumefaciens dependent.  
Based on the flow cytometer counting, the efficiency of the T-DNA delivery 
was about 1.6 x 10-3, which is much higher than the transformation efficiency of about 
1.7 x 10-5 observed by Kunik et al (2001) for HeLa cells. Kunik et al (2001) selected 
for stable integration of T-DNA into HeLa cells, while the present studies observed 
the presence of green fluorescence among the fish cells. Then, it is likely that we were 
studying the transient expression of T-DNA; therefore, the efficiency we observed 
was much higher. 
 
4.2. T-DNA was delivered into fish cells in a different manner 
 In the Agrobacterium-mediated transformation of plant cells, Ti plasmid 
encoded vir genes play an important role for T-DNA transfer and integration.  For 
example, VirA and VirG form a two-component regulatory system responsible for 
transcriptional activation for the vir operons (Stachel and Zambryski, 1986a). VirB 
proteins are necessary for a membrane-associated export apparatus while VirD and 
VirE are involved in the precise T-DNA formation and integration (Gheysen et al., 
1998). However, I discovered that these vir genes proteins were not needed for the 
process of delivering T-DNA into fish cells.  
Firstly, the induction of vir genes was thought to be the first step of the T-
DNA transfer process in plant cells. Without the induction, VirD and VirE gene 
products cannot be expressed and then the T-DNA cannot be processed. Thus, the 
DNA transfer cannot start without VirD and VirE. However, in this study, I 
discovered that uninduced A. tumefaciens could still deliver its T-DNA into fish cells. 
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This result was probably agreeable with the observation of Kunik et al (2001) that 
uninduced A. tumefaciens could transform HeLa cells with a significant efficiency.  
Furthermore, our results also demonstrated that some vir gene mutant strains 
(such as virB- and virD- mutants), which cannot infect plant cells, could also transfer 
their T-DNA into fish cells just like the wild type A. tumefaciens. RT-PCR analysis 
detected the mRNA of EGFP inside the fish cells co-cultivated with these two mutant 
strains. Flow cytometry also found that the DNA delivery efficiency of mutant strain 
was similar to the wild type strains.  
The above two results might suggest that the Agrobacterium-mediated 
delivery of T-DNA into fish cells might be using a mechanism independent of vir 
genes. One possibility is that the delivery was mediated by the uptake of A. 
tumefaciens by endocytosis as suggested by Kunik et al (2001). Other experiments 
conducted in our lab also support this hypothesis and found that A. tumefaciens 
deliver plasmid and chromosomal DNA into human cells in a manner that the human 
cells uptake nonpathogenic bacterial DNA through internalization involved 
microfilaments (Hou, 2003).  
 
4.3. T-DNA integration 
Unfortunately, at this stage, stably transformed fish cells were unavailable.  
This may due to the following reasons. 
Firstly, the growing condition of the fish cells in tissue culture was much 
stricter than that of plant cells. Thus the co-cultivation of A. tumefaciens with fish 
cells may seriously affect the growth of the fish cells; consequently, the growth 
condition might not be favorable for the revival of the fish cells after co-cultivation. 
Although PBS wash treatment was carried out after each co-cultivation experiment 
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and antibiotics was added to kill A. tumefaciens cells, sometimes, the growth of co-
cultivated fish cells was still unsatisfactory. Many cells were unable to attach to the 
culture dish and quickly died after the wash treatment. Therefore, in order to increase 
the survival of the fish cells after co-cultivation, further work is needed to find out 
more suitable conditions for growing the co-cultivated fish cells and thus avoid the 
loss of the massive population of fish cells which may include the cells containing 
stable integration. Also, several parameters, such as different fish cells growing times 
before co-cultivation, infection times and co-cultivated bacteria concentrations, could 
be tested to improve the efficiency of T-DNA delivery; furthermore, the number of 
infected cells may be increased for the selection of the stable integration. 
Secondly, green fluorescent protein (GFP) has become more popular to be 
used as a living marker for positively transfected clones in many studies. However, 
Liu et al (1999) demonstrated that despite the variation in the levels of GFP 
expression, many GFP expressing cells contracted, rounded-up, and died, which 
suggested that GFP is toxic to the cells. In this study, EGFP was used as a main report 
marker in the selection of the cells containing stable integration of T-DNA. We 
observed that some fluorescent fish cells gradually rounded-up and lysed after co-
cultivation. This may be another important reason that causes those cells containing 
stable integration to die. A weaker promoter krt8 was used to replace the strong CMV 
promoter in later experiments; but it also did not show any effect in improving the 
survival of the fluorescent fish cells after co-cultivation. Further work may focus on 
selecting another promoter, like hsp70 promoter for EGFP gene or other report genes.  
 Furthermore, the T-DNA delivery observed in this study is different from the 
Agrobacterium-mediated transformation of plant cells. The possible mechanism may 
be the endocytosis. Thus, the whole plasmid containing the T-DNA was uptaken by 
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the fish cells. The size of the plasmid is much larger than the T-DNA and then more 
difficult to be integrated into the genome. This may be another possible reason that 
causes the failure of stable integrations.  
Although the stably transformed fish cells containing stable integration were 
unavailable yet and the exact mechanism of A. tumefaciens infected fish cells was 
remain unknown, this study demonstrated that the T-DNA of A. tumefaciens can be 
delivered into fish cells through a pathway different from the nomal way of 
Agrobacterium-mediated plant transformation. This is interesting and may lead to the 
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